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Abstract 
During the processing of the polymers, macromolecules undergo a significant flow just before or during cooling. For 
semi-crystalline materials, the flow widely influences both the crystallization kinetics and the resulting crystalline 
orientation. Moreover, in the presence of nucleating filler, even more with a high aspect ratio, these phenomena of 
crystallization under elongational conditions can be disrupted. In this study, melt blended nanocomposites of PP /Talc 
were processed using an internal mixer. An elongational rheometer was used to generate well controlled different 
extensional flow conditions. Samples were then characterized by WAXS to reveal and quantify the fillers and PP 
crystalline phase orientation. Crystalline orientation of polypropylene was found to be strongly affected by the 
addition of Talc under extensional flow and the Talc orientation. 
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1. Introduction  
Polymer melt elongation is one of the most important deformations in polymer processing. It is the dominant 
deformation in melt spinning, film and bottle blowing, and in the biaxial stretching of extruded sheets. In 
other polymer processing operations the last step before solidification is often an elongational deformation 
resulting in molecular orientation and anisotropy of the end-use properties of the final products. The 
investigation of polymer melt elongation started around 1970. The development of the rotary clamp 
© 2014 Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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technique for simple elongation, as well as for different modes of multiaxial elongation, has been described 
in several publications by Meissner et al1. Extensional flow can have a varying effect on the microstructure of 
a polymer, which is highly dependent on the strength of the flow. The application of a sufficiently strong 
flow field to a polymer melt during processing will result in the alignment of polymer chains. Flow is known 
to promote crystallization both by increasing the germ points and by speeding up crystallization kinetics2. For 
quickly crystallizing polymers, such as isotactic polypropylene, an increase in supercooling alone under 
quiescent conditions can result in a significant increase in the number of nucleation points3. The introduction 
of flow in the supercooled state can have an even greater impact, reducing the time required for full 
crystallization by several orders of magnitude. This is because the flow-induced stretching and aligning of 
polymer chains reduces the entropy of the system as well as the change in free energy required for 
crystallization to take place. The extension of polymer chains also reduces the kinetic barrier which must be 
overcome for crystallization to occur because the deformed state of the polymer chain in the melt is closer to 
the state of the final crystal than a random coil2. Extensional-flow-induced crystallization was studied and 
compared to shear-flow-induced crystallization of a high molecular weight isotactic poly-1-butene4. 
Recently, Chellamuthu et al5 was able to perform extensional-flow-induced crystallization measurements of 
isotactic poly-1-butene using the filament stretching rheometer. Even though their samples did not display 
significant strain hardening or extensional thickening, they found that the application of extensional flow had 
significant effects on crystallization of the polymer. The are also found that there was a critical extension rate 
below which no flow-induced crystallization occured. More interestingly, they found that there exisits an 
extension rate for which the percent crystallization was maximized. Above this maximum, the crystallization 
rate decreased to a value which was still greater than the crystallization rate obtained for the quiescent case. 
In this paper, the investigation of flow-induced crystallization of neat polypropylene and polypropylene/clay 
blend under well controlled elongational flow has been studied. We focus on the impact of the total strain and 
strain rate on the crystalline orientation of polypropylene. 
 
2. Experimentations 
2-1 Materials  
 
Extensional-flow-induced crystallization was studied for a commercial polypropylene (PP). The material was 
provided by LyonDellBasell (MOPLEN HP500N). The PP has a molecular weight of Mw= 238200 g/mol and 
a polydispersity of 6.9. A natural Talc with the formula :SiO2 60,3%, MgO 31,5%, Na2O 0,21% was used 
with the specific surface area of 2.24 m2.g-1. Irganox 1010 (E-NR 184162.34) was provided from CIBA-
GEIGY and used as antioxidant agent.  
 
2-2 Mixing process 
Various kinds of composites were prepared by mechanical mixing. The conditions were as follows; 35g 
of polypropylene PP was put into a Banbury type mixer (Rhéomix HAAKE 600) and masticated under a 
rotor speed of 50 rpm at 200°C for 1 min, then a mixture of natural Talc (5% relative to the total mass) 
and Irganox 10.10 (0.5% relative to the total mass) was introduced. Afterwards, the mixture 
PP/Talc/Irganox was mixed under 50 rpm at 200°C during 10 minutes. The beginning of the mixing time 
is set at the end of the Talc/Irganox's introduction in the mixer. The fill factor of the mixer is 70% and the 
mass filler content is 30%.  
 
2-3 Differential Scanning  Calorimetry analysis
Differential scanning calorimetry (DSC) measurements were carried out with a Q10 instrument from TA 
Instruments. Samples were transferred to a hermetic sealed pan. The samples were then analyzed from 
50°C to 200°C. The cooling and heating rate were 10°C/min. Each sample undergoes two cycles of 
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heating-cooling. The first cycle has for role to remove the thermal history of the sample and the data are 
collected from the second cycle.  
 
 
2-4 Rheological analysis 
Rheological measurements under shear flow were conducted on ARES rheometer  from Rheometrics(R) using 
parallel plate geometry (25mm). The experiments were performed in oscillating mode within the linear 
viscoelastic regime at constant temperature 200°C from 0.1 rad.s-1 to 1000 rad.s-1. The gap between plates 
was maintained at 1 mm for the samples obtained by compression molding.   
An elongational rheometer for polymer melts developed by J. Meissener and J. Hostettler was used to 
measure the extensional  properties. The dimensions of the required sample are (60ɯ8ɯ2 mm3). The sample is 
supported by a cushion of inert gas and, after having reached the test temperature, it can be extended by a 
pair of rotary clamps. The resulting tensile force is measured with a resolution of better than 0.001N and the 
range of variation of the force is 0.001-2N. The strain rate range is 0.001-1s-1 , and the maximum Hencky 
strain is 7, corresponding to a maximum stretch ratio of 1100. True strain rate was obtained by analyzing the 
evolution of the sample width during the test. The quality of the test results depends not only on the quality 
of the instrument but also on the quality of the sample. At the beginning of a test the sample must be isotropic 
and externally as well as internally homogeneous. External homogeneity refers to a constant cross-sectional 
area independent of the length co-ordinate, whereas internal homogeneity means that the molecular 
connectivity in independent of the location within the sample. We have found compression molding to be the 
best method to achieve reasonable isotropy in the required flat sheets. The compression molding starts with a 
homogeneous PP melt and results in a homogeneous and isotropic sheet from which samples with correct 
shape are extracted. The supercooled state at 140 °C is obtained according to the following method: before 
the stretching test an infrared emitters ( HERAEUS 45131606) is used to melt the sample homogeneously 
above 200 °C.  The infrared emitters are then removed and the temperature time required to return to 140°C 
was found to be 1min. No crystallization is observed during this period. When the temperature reach 140°C 
inside the rheometer, the test measurement can be started. The samples are processing with different strain 
rate range 0.1s-1 and 1 s-1, and different Hencky strain from 1 to 7 at 140°C. After the stretching test, the 
samples were left for at least 20 min inside the rheometer at the same temperature to ensure that 
crystallization is complete.  
 
 
2-5  X ray diffraction with  wide angle x-ray scattering  (WAXS) 
 
The crystallized samples were mounted on a Xcalibur Mova kappa-geometry diffractometer (Agilent 
Technologies UK Ltd) equipped with an EOS CCD detector and using micro-source Mo radiation (Ȝ = 
0.71073 ǖ). Diffraction images were collected at room temperature and the   sample rings were integrated 
with the CrysalisPro software.  
Wide-angle X-ray scattering was performed on the sample to investigate the effect of extensional flow on the 
structure and alignment of the polymer crystals. The samples were placed in the instrument such that 
measurement was taken at the axial center of the filament and the flow direction was aligned vertically, 
perpendicular to the beam direction; this allows any crystal alignment in the flow direction to be detected in 
the two dimensional scattering patterns. 
3. Results and discussions 
3-1 Talc effect on the rheological behavior of PP under shear flow  
In order to study the rheological effect of Talc addition into the polymer matrix of PP, the measurements 
under shear flow were conducted. The storage modulus (Gƍ) data and loss modulus (GƎ) data resulting from 
the dynamic frequency scan measurements for PP and PP/Talc blend are compared in Figure1 which shows 
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the rheological behavior of talc and irganox melted PP. The presence of irganox as an antioxydant plays an 
important role to avoid the degradation of the polymer chains of PP.   
             
Figure1: Comparison of dynamic shear modulus storage G' and loss G’’ for blend PP/Talc (closed  
     Symbol) and extruded PP (open symbol). 
The curves for extruded PP shows the classical terminal zone usually observed for polymers melts. The same 
trend is also observed for the complex shear  modulus after addition of talc and irganox. For a volume 
fraction of 5% of talc, the viscosity ratio Ș0(5%) /Ș0(0%) was found to be 1.06 in agreement with the 
Einstein law. The rheological properties of PP under low amplitude shear flow are weakly affected by the 
presence of talc and antioxydant into the polymer matrix.  
 
3-2 Crystallization and melting behavior of PP and blend PP/Talc 
The crystallization and melting parameters of PP and blend PP/Talc are presented in table 1. The melting 
peak temperature of  granule PP and extruded PP  is  around 161°C. Despite the addition of Irganox and Talc  
into the PP matrix, the melting peak temperatures maintain around 163°C. However, the crystallization peak 
temperature for neat PP increases around 10°C after the addition of talc into the PP matrix. Those 
experiments were done twice to ensure their reproducibility. The DSC results clearly show that the addition 
of a small amount of antioxidant and talc into the PP matrix does not affect the melting temperature of the 
polymer matrix and affects its crystallization temperature. The effect observed can be explained by the 
assumption that the talc layers acts as efficient nucleating agents for the crystallization of PP matrix. 
 
              Table1: DSC Melting Results of PP and blend PP/Talc
 Granule PP Extruded PP PP-Irganox 0.5% PP-Irg 0.5% -Talc5% 
TC (°C) 113.5 117.4 117.47 124.23 
ǻHC (J/g) 90.58  96.88  88.32  90.83 
Tf (°C)
  
161.13 161.9 161.22 163.72 
ǻHf (°C)
 
79.85  89.58  5.36 81.10 
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3-3  Elongational rheological properties for PP and  blend PP/Talc 
WAXS experiments were performed for two extension rates to reveal and quantify their impact on the fillers 
and PP crystalline phase orientation. Several characteristic scattering patterns and scattering intensity are 
shown for the two extension rates and different Hencky strain in Figure 2.  
                             (1)                                                                                              (2)  
 
 
Figure 2: Wide-angle X-ray scattering patterns for polypropylene ( image1, left) and polypropylene/Talc blends ( image 2, right) samples 
crystallized following stretches with extension rates of a  ȑ = 0.1s-1 , İ=2; a1  ȑ = 1s-1 , İ=2; b  ȑ = 0.1s-1 , İ=4; b1  ȑ = 1s-1 , İ=4; c  ȑ = 
0.1s-1 , İ=7; c1   ȑ = 1s-1 , İ=7. The same extension rates and Hencky strain were used for the right image with polypropylene/talc. The 
elongation direction is vertical. 
 
Figure2 shows that a small crystalline orientation of neat polypropylene was observed. The variation from a
to c and from a1 to c1 for neat polypropylene (image 1) shows that with increasing Hencky strain from 2 to 
7, the orientation of the PP D crystalline phase increases slowly. Moreover, the presence of E-phase is 
highlighted. The orientation of this phase is also more pronounced for higher strains. Furthermore, with an 
increasing strain rate from 0.1s-1 to 1s-1 (variation from left to right for neat polypropylene), the crystalline 
orientation of PP seems to be not very affected. For the right image (2) of polypropylene/talc blends the 
variation of the crystalline orientation with the increasing Hencky strain (variation from d to f and from d1 to 
f1) and with the increasing strain rate from 0.1s-1 to 1s-1, is not so clear. What is interesting about this 
observation is that the presence of talc into the matrix polymer affects strongly the orientation of the 
crystalline phases of polypropylene since the intensity maxima in the reflection rings appear at different 
azimuthal angles compared to the patterns of neat PP. A much higher degree of orientation of PP was found 
in the composites compared with the pure PP as shown from the figure2. From these observations, it appears 
that the strain rate is not the first parameter involved in the orientation of the PP crystalline phase in presence 
of talc. No significant difference in the orientation of both fillers and crystals has been observed by changing 
the strain rate. As already observed for shear induced crystallization6 , a critical strain rate has to be reached 
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to generate sufficient orientation of PP macromolecules and strain induced crystalline orientation. For our 
strain rate conditions, it is clear that only the talc orientation is responsible of the PP crystalline phase 
structure. However, even if the filler orientation is undoubtedly observed, it not surely originates from 
elongational flow but from the biaxial flow applied during the sample molding step. Anyway, higher strain 
rate must be applied to expect overcome the filler induced crystallization.  
 
Conclusions
The following conclusions can be drawn from the present study. The preparation and characterization of the 
composite of blend PP/Talc has been studied. The presence of Talc into the PP matrix clearly affect the 
crystallization temperature of the polymer  under shear flow in the linear regime and does not act on its 
melting temperature. The rheological properties of PP are not affected by the presence of the talc. On the 
contrary, the crystallization of polypropylene was found to be sorely affected by the presence of the talc 
under extensional flow. The initial orientation of talc into the PP matrix drives the structure and orientation of 
the crystalline phases of polypropylene. No pure strain induced crystallization of PP is observed in the range 
of strain rate used. 
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